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ment  is  underway,  and  is  giving  us  similar  results.  A  single-position  method  for  de¬ 
termining  the  location,  orientation  and  strength  of  the  dipole  source  is  described.  This 
method  will  be  applied  to  a  P300  study,  which  will  follow-up  an  odd-ball  study  just  com¬ 
pleted.  The  latter  gave  results  similar  to  those  obtained  previously,  but  the  method 
is  insufficiently  insensitive  to  determine  if  changing  P300  latency  is  due  to  a  chanqe 
in  source.  The  planned  experiment  should  make  this  possible. 


INTERIM  SCIENTIFIC  REPORT 

PERCEPTUAL  FACTORS  IN  WORKLOAD i  NEUROMAGNETIC  STUDIES 
by  L.  Kaufman  and  S.  J.  Williamson 
Naw  York  University 

BACKGROUND 

This  report  describes  the  work  accomplished  on  our  AFOSR 
contract  No.  F49620-85-K-0004  during  the  period  01/01/83  to 
12/31/85.  However,  before  reporting  on  our  results,  we  will 
present  the  following  general  description  of  neuromagnetism  and 
its  relation  to  other  techniques  for  studying  the  structure  and 
functioning  of  the  brain.  This  background  information  is 
intended  for  readers  who  are  unfamiliar  with  the  relatively  new 
methods  we  are  employing  on  this  project. 

The  introduction  of  computerized  axial  tomography  <CT  scan) 
and  of  magnetic  resonance  imaging  <MRI)  has  revolutionized 
medical  practice  as  well  as  basic  research  in  the  neurosciences. 

It  is  now  possible  to  see  detailed  anatomical  structures  with  a 
clarity  that  was  unattainable  previously.  The  advent  of  positron 
emission  tomography  <PET  scan)  provides  us  with  a  potentially 
powerful  research  tool  for  studying  the  ways  in  which  functions 
of  the  brain  vary  with  different  kinds  of  mental  activity.  PET 
scan  depends  upon  the  detection  of  gamma  rays  emitted  when 
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positrons  sssocistsd  with  s  rsdiosctivs  analogue  to  glucose  sr s 
snihilstsd.  This  glucose-analogue  is  taken  up  from  ths  blood 
strssa  in  grsstsr  or  lssssr  amounts  by  set i vs  nsrvs  calls,  and 
ths  smittsd  gamma  rays  reflect  diffsrsntial  amounts  of  activity. 

Anothsr  way  to  study  diffsrsntial  nsural  activity  in  ths 
human  brain  is  by  msasuring  ths  spontansous  slsctrosncsphalogram 
(EEG),  and  ths  svsnt  rslatsd  potsntial  (ERP).  Such  msasurss  ars 
mads  in  many  laboratoriss  whils  human  subjscts  ars  sngagsd  in 
psrforming  various  tasks,  and  ths  msasurss  do  vary  with  ths 
naturs  of  ths  task  and  ths  dsmands  placsd  on  ths  subject.  In 
typical  sxpsrimsnts  diffsrsnt  componsnts  of  ths  ERP  ars  affsetsd 
diff srsntially  by  whsthsr  or  not  attsntion  is  bsing  paid  to  a 
particular  stimulus,  if  an  svsnt  is  or  is  not  anticipatsd,  and 
so  on.  <In  this  rsport  wa  dsfins  comnonsnt  as  a  salisnt 
dsflsction  in  ths  wavsform  of  ths  ERP,  and  sach  componsnt  is 
givsn  a  nams  that  is  consistsnt  with  sxisting  convsntions. ) 
Rscsnt  work  by  Gavins  <1985)  indicatss  that  it  is  possibls  to 
idsntify  ths  rsgions  of  ths  csrabral  cortex  that  becoms  active 
during  the  performance  of  such  tasks,  and  to  determine  how  the 
pattern  of  activity  among  these  regions  varies  with  ths  naturs 
of  ths  task.  This  requires  the  use  of  a  large  number  of 
recording  electrodes  and  extremely  sophisticated  means  for 
analyzing  ths  measured  potsntial  differences,  as  well  as  a 
realistic  physical  model  of  the  subject's  head.  Gevins  relies  on 
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MRX  techniques  in  generating  his  models.  By  contrast,  most  work 
employing  the  ESQ  end  ERP  involves  the  use  of  relatively  few 
electrodes,  and  investigators  rely  instead  on  the  functional 
relationship  between  parameters  of  the  task  and  the  concomitant 
changes  in  particular  components.  In  fact,  the  bulk  of  the  vast 
ERP  literature  may  be  aptly  described  as  being  Phenomenological 
in  orientation. 

Despite  the  emphasis  on  phenomenology,  the  ERP  literature 
is  filled  with  questions  as  to  the  origins  of  specific 
components.  Different  methods  have  been  used  to  answer  these 
questions.  One  involves  modelling  the  head  as  three  concentric 
spheres  of  different  conductivity,  and  the  observed  potentials 
are  mapped  onto  the  surface  of  the  outer  sphere.  The 
investigator  then  places  a  current  dipole  within  the  central 
sphere  and  computes  the  pattern  of  potentials  that  this 
imaginary  source  produces  on  the  outer  surface.  This  computed 
pattern  is  then  made  to  match  the  observed  pattern  by  changing 
the  strength  (moment),  position  and  orientation  of  the  current 
dipole  within  the  central  sphere.  When  an  "acceptable”  match  is 
achieved,  it  is  assumed  that  the  source  is  in  a  corresponding 
position  within  the  subject's  head  (Darcey,  et  al.  1980;  also 
see  Nunez,  1981,  for  an  authoritative  review).  While  multipole 


sources  can  also  be  assumed,  it  is  usually  the  case  that  the 
inherent  noise  associated  with  empirical  measurements  mask  the 
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higher  terms  of  the  multipole  expansion  equations,  and  the  first 
term,  that  of  a  dipole,  suffices  to  account  for  the  data.  Of 
course,  this  solution  is  subject  to  verification  by  other  means. 
These  may  entail  performing  similar  experiments  on  humans  having 
known  brain  damage,  e.g.,  a  surgically  removed  temporal  lobe  for 
the  treatment  of  epilepsy,  or  damage  produced  by  disease  and 
identified  by  means  of  CT  scans.  In  such  experiments  the 
investigator  may  examine  how  the  distribution  of  potentials 
associated  with  a  particular  component  differs  from  the  scalp 
distribution  observed  in  normal  subjects.  In  another  approach, 
for  medical  reasons  electrodes  are  implanted  in  the  brain,  and 
the  patient  is  presented  with  a  particular  experimental  task. 
The  variation  in  potential  gradients  along  the  length  of  a 
string  of  recording  electrodes  is  studied  in  conjunction  with 
scalp  potentials,  and  inferences  made  about  the  site  or  sites  at 
which  electrical  events  that  give  rise  to  particular  scalp- 
recorded  components  <cf  McCarthy  and  Wood,  1985). 

At  this  point  it  is  worth  noting  that  the  EEQ  and  ERP 
methods  are  becoming  much  more  powerful  as  a  result  of  the 
recent  conceptual  advances.  These  include  the  development  of 
reference-free  recording  techniques,  the  application  of  current 
source  density  techniques,  the  use  of  MRI  in  constructing  more 
realistic  models  of  the  head,  and  so  on.  It  seems  likely  that 
future  research  in  this  general  area  will  necessarily  involve 
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the  us*  of  vsry  large  arrays  of  electrodes  and  of  mors  powerful 
computational  techniques.  Moreover,  the  analysis  of  scalp- 
recorded  electrical  data  will  increasingly  depend  upon  the  the 
use  of  data  obtained  via  other  technologies.  Neuromagnetic 
methods  are  among  these  complementary  technologies. 

Neuromagnetism  entails  measuring  the  magnetic  fields 
associated  with  the  flow  of  ionic  currents  along  the  lengths  of 
neurons.  This  technique  is  completely  passive  since  it  involves 
detecting  magnetic  fields  that  naturally  accompany  normal  neural 
activity.  Also,  the  precision  with  which  active  regions  of  the 
brain  can  be  located  is  competitive  with  that  of  PET  scan,  and 
the  ability  to  resolve  active  regions  from  each  other  is  very 
fine  -  being  on  the  order  of  3  millimeters.  Finally, 
neuromagnetic  fields  can  be  studied  as  they  change  from  one 
instant  to  another  -  a  degree  of  temporal  resolution  that  is 
much  finer  than  that  afforded  by  PET  scan,  which  is  limited  by 
the  long  half-life  of  the  radioactive  substance  in  the  patient's 
blood.  However,  it  should  be  noted  that  some  regions  of  the 
brain  are  undoubtedly  magnetically  "silent'' ,  and  PET  may  well  be 
the  only  means  to  study  their  activity. 

It  is  well  known  that  the  cell  membranes  of  neurons  may  be 
depolarized  or  hyperpolarized  by  various  neurotransmitters.  When 
the  membrane  of  a  dendrite  is  so  depolarized,  there  is  a  radial 
flow  of  current  across  the  membrane,  and  this  sets  up  aj 


Page  5 


By  . . 

Di.  t  ib.  tio  / 

Availability  Codes 

F  Avail  ar»d  /  or 
Ul-*‘  j  Special 


potential  differences  along  its  length,  which  results  in  the 
flow  of  ionic  currant  within  and  along  the  dendrite.  Since  every 
moving  electrical  charge  is  accompanied  by  a  magnetic  field, 
such  a  field  surrounds  the  dendrite  of  the  active  neuron. 
Neurons  of  the  cerebral  cortex  tend  to  be  aligned  at  right 
angles  to  the  surface  of  the  cortex .  When  several  thousand  such 
neurons  are  active  during  the  same  period  of  time,  the  field 
encircling  all  of  them  is  simply  the  sum  of  the  fields  from  each 
neuron.  Since  even  several  thousand  neurons  fill  a  very  small 
space,  when  the  net  field  is  measured  some  distance  away,  they 
can  be  treated  as  though  they  are  a  single  source  -  an 
equivalent  current  dipole.  This  type  of  source  can  be  visualized 
as  a  very  small  segment  of  current.  With  such  a  source  oriented 
tangentially  with  respect  to  the  surface  of  the  skull,  its 
encircling  field  will  emerge  from  the  head  at  one  place  and 
reenter  at  another  place  < see  Figure  1).  Neurons  of  the  cortex 
in  the  sulci  and  fissures  of  the  brain  satisfy  this  requirement 
of  being  tangential  to  the  skull. 

The  field  produced  by  activity  of  small  populations  of 
neurons  is  about  one  billionth  the  strength  of  the  earth's 
steady  field,  and  many  orders  of  magnitude  weaker  than  the 
fields  associated  with  machinery  and  electrical  equipment  in  a 
normal  laboratory  or  hospital  environment.  Consequently, 
detecting  these  weak  neuromagnetic  fields  requires  the  use  of 
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enormously  sensitive  instruments  that  discriminate  against 
fields  from  distant  sources.  This  was  accomplished  (Brenner,  et 
al.,  1979)  by  using  superconducting  instruments  (composed  of 
devices  that  have  no  resistance  to  electricity  when  kept  at  the 
temperature  of  liquid  helium  -  about  -269  deg  C).  The  heart  of 
these  instruments  is  the  SQUID,  which  is  an  acronym  for 
"superconducting  quantum  interference  device."  The  SQUID  and 
other  components  of  the  Neuromaonetometer  are  immersed  in  liquid 
helium  within  a  fiberglass  dewar  (a  kind  of  thermos  bottle), 
similar  to  that  shown  in  Figure  2.  The  field  associated  with 
neural  activity  is  sensed  by  the  Neuromagnetometer,  whose  output 
is  proportional  to  the  strength  of  the  field  it  detects. 

The  first  Neuromagnetometer  of  this  type  contained  only  one 
SQUID,  and  was  able  to  measure  the  field  at  one  place  at  a  time 
outside  the  skull.  By  moving  the  dewar  around,  it  was  possible 
to  map  the  field  at  many  places  outide  the  head.  The  main 
advantage  of  this  stems  from  the  fact  that  the  field  normal  to 
the  head  is  competely  unnaffected  by  tissues  lying  between  the 
active  neurons  and  the  sensor.  Conventional  electrical 
measurements,  as  in  the  EEG,  are  strongly  affected  by  layers  of 
different  conductivity  within  the  head,  as  well  as  by  apertures 
within  the  skull,  e.g.,  the  orbits  of  the  eyes  (Nunez,  1981). 
For  this  and  other  reasons,  it  is  not  so  easy  to  compute  the 
location  of  an  active  source  from  the  pattern  of  electrical 
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potentials  on  ths  scalp  as  it  is  to  males  these  computations  from 
the  field  pattern. 

Typical  field  patterns  are  shown  in  Figure  3,  which  depicts 
“isofield  contours."  The  field  strength  at  any  point  along  one 
of  these  contours  is  the  same  as  it  is  at  any  other  point.  These 
particular  plots  are  quite  similar  to  the  isofield  contours  that 
would  be  produced  by  a  theoretical  point  current  dipole  lying  a 
few  centimeters  under  the  scalp,  just  halfway  between  the  line 
connecting  the  two  field  extrema,  i.e.,  where  the  strength  of 
the  field  is  maximum  where  it  emerges  from  the  head  and  where  it 
reenters  the  head.  In  fact  it  is  quite  easy  to  compute  the 
position  of  this  equivalent  current  dipole  source  in  three 
dimensions  from  the  properties  of  its  field  pattern.  In  the 
instance  of  Figure  3  we  show  plots  associated  with  sources 
activated  by  acoustic  stimuli  of  different  frequencies  (Romani, 
et  al .  ,  1982).  Since  the  spread  between  the  field  extrema 
increases  with  increased  frequency  of  the  tonal  stimuli,  it 
follows  that  the  depth  of  the  source  increases  along  the  floor 
of  the  lateral  sulcus.  If  we  also  take  account  of  the  changes  in 
lateral  position  of  the  source  as  the  frequency  of  the  stimulus 
is  changed,  the  cumulative  variation  of  position  of  the  source 
is  shown  to  increase  linearly  with  the  logarithm  of  the 
frequency  of  the  tone.  This  establishes  that  an  equal  number  of 
neurons  is  devoted  to  each  octave  of  the  acoustic  range  we 
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Pig.  3.  (TB)  Observed  field  pattern*  for  the  100  as  component  of  the 
transient  response  to  e  tone  burst  of  200,  1000  end  2000  Bi  respectively; 
( SSHT )  observed  field  pattern  for  a  steady-state  aaplitude-aodulated  tone  of 
looo  Bx.  The  origin  of  the  coordinate  systea  Is  the  ear  canal,  with  the 
horizontal  position  aeasured  toward  the  outer  canthus  of  the  eye  and  the 
vertical  position  aeasured  perpendicular  to  this  line. 


studied.  Also,  computations  based  upon  assumed  cell  dimensions 
and  electrical  properties  indicate  that  the  number  of  neurons 
that  contribute  to  each  “source"  totals  about  50,000.  It  can  be 
seen  from  this  graph  that  the  sources  can  be  resolved  from  each 
other  (when  they  are  active  at  different  times),  even  though 
their  physical  separation  along  the  cortex  is  as  small  as  3 
millimeters. 

We  have  obtained  similarly  dramatic  results  in  studies  of 
the  visual  system  and  of  the  somatosensory  system.  For  example, 
in  the  somatosensory  system  Okada  et  al.  (1983a)  resolved 
regions  of  the  brain  that  are  selectively  activated  by 
stimulation  of  the  thumb,  index  finger,  little  finger  and  ankle. 
Moreover,  Okada,  et  al.  (1982)  located  a  region  of  the  brain 
which  became  active  just  prior  to  the  voluntary  flexion  of  a 
finger,  and  another  region  that  became  active  during  finger 
flexion.  The  latter  was  presumably  due  to  proprioceptive 
feedback  to  the  somatosensory  cortex,  which  is  posterior  to  the 
motor  cortex . 

Extremely  promising  results  have  already  been  obtained  in 
studies  of  brain  activity  related  to  the  performance  of 
cognitive  tasks.  These  include  a  study  of  the  so-called  "P300" 
component  of  the  ERP,  which  ocurs  about  300  to  400  milliseconds 
after  an  infrequently  occurring  ("odd")  event.  P300  is  of  great 
importance  to  cognitive  psychophysiologists,  and  our  finding 

Page  9 


that  source  of  this  response  appears  to  lis  in  or  near  ths 
hippocampal  formation  (Okada,  at  al.,  19g3b).  This  sstablishss 
that  it  is  possible  to  dstset  magnetic  activity  of  at  least  some 
subcortical  regions  of  the  brain.  Also,  when  a  subject  is 
selectively  attending  to  a  train  of  auditory  stimuli,  while 
ignoring  a  similar  train  presented  to  the  opposite  ear,  the 
response  of  one  region  of  the  auditory  cortex  of  one  hemisphere 
is  enhanced  as  compared  to  the  response  to  the  same  stimulus 
train  when  it  is  ignored.  This  particular  experiment,  which  will 
be  described  in  greater  detail  in  the  next  section  of  this 
report,  allowed  to  to  resolve  one  question  as  to  the  source  of 
the  N100  component  of  the  ERP .  The  enhancement  of  N100  noted  by 
Hillyard  and  his  colleagues  during  selective  attention  tasks  (cf 
Hillyard,  et  al.,  1973)  is  primarily  due  to  the  modulation  of 
activity  of  auditory  cortex,  and  not  the  the  concurrent 
activation  of  some  more  remote  source,  e.g.,  in  the  frontal 
cortex . 

Most  of  the  work  described  in  this  Background  section  was 
done  with  a  single  SQUID  sensor.  During  the  past  year  virtually 
all  of  our  work  was  done  using  a  system  composed  of  five 
sensors.  In  a  short  time  the  NYU  Medical  Center  will  be  using  a 
14  channel  system  in  clinical  trials  and  it  will  be  used  by  our 
group  for  research  related  to  the  present  project.  This  will  be 
supplanted  by  a  system  composed  of  100  or  more  channels  in  about 


three  years,  allowing  us  to  do  a  coaplsta  neuromagnet ic  scan  at 
ona  tins . 

Tha  scan  will  provide  us  with  anough  data  to  idantify  tha 
prasanca  and  locations  and  intaractions  of  sourcas  that  ara 
concurrantly  activa  at  many  placas  in  tha  brain.  Ona  of  long 
term  goals  is  to  display  thasa  sourcas  within  an  MRI-generated 
imaga  of  tha  head,  parhaps  using  intansity  to  raprasant  amount 
naural  activity  (currant  dipola  momant)  and  color  to  indicata 
tha  ralativa  timing  of  tha  activity  of  diffarant  sourcas. 
Ultimately,  imagas  such  as  thasa  will  ba  rendarad  in  thraa 
dimansions  and  will  ba  rotatabla.  With  thasa  imagas,  and  a  basa 
of  normativa  data,  tha  invastigator  will  ba  abla  to  axamina  tha 
intar ior  workings  of  tha  brain,  and  to  ralata  tha  obsarvad 
pattarn  of  activity  to  tha  parformanca  of  cognitiva  tasks, 
workload  and  parcaption.  It  will  also  maka  it  possibla  to  battar 
intarprat  data  obtainad  using  tha  ERP  and  EEG  maasuras  mada 
undar  comparabla  conditions. 

TECHNICAL  REPORT 

Prograss  was  mada  on  savaral  fronts  during  the  past  yaar. 
First,  wa  complatad  an  axparimant  on  salactiva  auditory 
attantion  using  a  paradigm  that  was  dascribad  in  our  last 
proposal.  This  axparimant  is  dascribad  in  detail  balow.  Second, 
wa  designed  and  implemented  an  experiment  on  salactiva  visual 


attention.  Thin  experiment  in  ntill  underway.  It  too  in 
dencribed  in  thin  section.  Third,  we  collaborated  with  T.  Picton 
and  R.  Naatanen  in  designing  an  experiment  that  would  permit  un 
to  make  direct  comparinonn  between  nelective  attention  and 
negativity  minmatch  ERP  experimentn.  The  programming  for  thin 
experiment  in  underway.  Our  P300  work  han  progrenned  too  alowly, 
and  we  are  now  planning  a  new  approach  to  avoid  the  pitfalla  of 
trying  to  implement  the  McCarthy  and  Donchin  paradigm.  The 
pitfalla  and  the  proponed  remedien  are  dencribed  here  too. 

In  addition  to  the  experimental  work,  we  upgraded  our 
laboratory  to  make  other  experimentn  ponnible.  Furthermore,  we 
made  progrenn  in  developing  methodn  for  analyzing  neuromagnetic 
data.  Thin  too  in  dencribed  below.  We  alno  developed  a  method 
for  digitizing  the  human  head,  and  this  will  make  it  ponnible 
for  us  to  compare  and  evaluate  the  effect  of  realistic  head 
shapes  on  the  accuracy  of  our  source  locating  algorithms. 
Finally,  and  really  only  incidentally,  we  were  able  to  make  an 
empirical  test  of  the  potential  accuracy  with  which  sources  can 
be  located  within  the  human  body  using  a  neuromagnetometer.  This 
is  described  later  as  Project  Havstack. 

1.  Selective  Auditory  Attention: 

The  work  described  here  was  done  in  conjuction  with  Sarah 
Curtis,  a  graduate  student  in  the  Neuromagnetism  Laboratory.  It 
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is  the  bssis  for  hsr  doctoral  dissertation,  which  is  now  being 
written. 

1.1  Background: 

Several  major  theories  have  been  proposed  to  account  for 
the  fact  that  one  may  attend  to  a  series  of  events,  e.g.,  a 
monologue,  despite  the  fact  that  many  other  conversations  are 
taking  place  at  the  same  time.  This  is  the  well  known  cocktail 
party  effect,  and  it  led  to  extensive  experimentation  using  the 
dichotic  listening  paradigm.  Some  of  the  names  that  are 
associated  with  this  work  are  Cherry,  Moray,  Broadbent,  and 
Treisman.  Similar  work  employing  the  dichotic  listening  paradigm 
while  measuring  ERPs  was  conducted  by  Hillyard,  Picton,  and 
others. 

A  number  of  theoretical  issues  are  associated  with  the 
study  of  selective  attention.  These  are  amply  treated  in  many 
secondary  sources,  so  we  shall  provide  only  a  brief  overview 
here.  The  main  reason  for  this  is  that  it  illustrates  how 
recording  of  brain  activity  may  serve  a  useful  purpose  in 
resolving  problems  of  cognitive  psychology. 

According  to  one  view,  selective  attention  is  made  possible 
by  a  filtering  process  in  which  signals  coming  from  a  sense 
organ  are  attenuated  when  ignored,  or  enhanced  when  being 
attended  to.  This  may  occur  very  early  in  the  sensory  pathway 
<cf.  Hernandez-Peon ,  et  al.,  1956)  where  efferent  fibers  act  on 


the  sana*  organ  itself.  A  nor*  sophisticated  theory  would  placa 
tha  filter  at  a  highar  laval  than  that  of  tha  sansa  organ. 
Sansory  data  gat  to  tha  brain,  but  ara  not  procassad  in  any 
graat  datail  whan  somathing  alsa  is  going  on  that  is  of  graatar 
intarast  (Broadbent,  1957).  Nowadays  it  is  baliavad  that  tha 
filtaring  occurs  aftar  a  good  daal  of  procassing  has  gona  on 
(cf.Trasiman  and  Qaffan,  1967).  Thus,  unattandad  spaach  is  not 
analyzad  to  tha  sama  dagraa  as  attandad  spaach,  aspacially  if 
thara  ara  strong  physical  diffarances  batwaan  tha  two  massagas. 
Howavar,  salaction  may  also  taka  placa  basad  upon  grammatical 
contant  of  tha  spaach.  This  suggests  a  high  laval  of  procassing 
avan  prior  to  tha  perception  of  tha  spaach  itself.  This  places 
tha  filtar  aftar  tha  sansa  organ  and  peripheral  pathways,  but 
prior  to  perception.  By  contrast,  Dautsch  and  Deutsch  (1963) 
place  tha  filtar  batwaan  a  response  and  an  input  already 
analyzad  for  meaning.  These  two  views  represent  what  Neisser 
(1967)  refers  to  as  stimulus  set  and  response  set.  While  there 
are  other  theoretical  issues  and  points  of  view  that  must  be 
considered  when  dealing  with  attention,  it  may  well  be  that 
recording  of  brain  activity  may  reveal  situations  in  which  these 
two  different  kinds  of  "set"  are  operating. 

Hillyard  and  his  colleagues  have  already  shown  that 
selective  attention  during  a  dichotic  listening  task  has  no 
differential  affect  whatsoever  on  tha  auditory  brainstem  evoked 
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potential.  This  would  rule  out  primitive  theories  such  es  that 
proposed  by  Hernandes-Peon.  Effects  of  selective  attention  are 
associated  with  the  N100  component,  and  seem  to  begin  about  50 
msec  after  stimulation.  The  negativity  difference  wave  derived 
by  subtracting  responses  evoked  by  unattended  stimuli  from 
responses  evoked  by  attended  stimuli  in  a  dichotic  listening 
task  shows  a  striking  effect  of  selective  attention.  However, 
the  issue  remains,  is  this  difference  wave  a  sign  of  activity  of 
some  novel  source  <say,  in  the  frontal  cortex,  as  has  been 
suggested  by  Picton,  among  others)  which  comes  into  play  during 
attention,  or  is  it  due  to  the  modulation  of  activity  of  the 
auditory  cortex  by  attention?  If  the  latter  hypothesis  is 
confirmed,  it  would  suggest  that  the  filter  is  placed  at  an 
early  stage,  prior  to  a  complete  analysis  for  meaning.  If  other 
sources  are  implicated,  then  a  response  set  theory  might  still 
be  viable  for  the  dichotic  listening  situation.  (At  this  point  a 


caveat  is 

in 

order.  That  is, 

if 

one  of  the 

hypotheses  is 

conf irmed 

it 

does  not  prove 

that 

the  other 

hypothesis  is 

innapplicable  to  other  situations.  In  fact,  attention  is  a 
complicated  process  and  could  well  entail  "software"  assignments 
of  filter  location,  depending  upon  the  nature  of  the  task). 

1.2  Dichotic  Listening  Experiment: 

Method:  Three  subjects  listened  to  tone  pips  presented  to 
the  two  ears  via  an  airline  headset.  The  pips  presented  to  one 
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tar  had  a  rapatition  rata  of  3  pips  par  second,  whila  thosa 
presented  to  tha  othar  had  a  rapatition  rata  of  3.5  pips  par 
sacond.  Siaca  thasa  two  rapatition  ratas  wara  not  harmonics  of 
aach  othar,  it  was  possibla  to  racovar  rasponsas  at  3  Hz  and  its 
higher  harmonics  saparataly  from  thosa  at  3.5  Hz  and  its  highar 
harmonics  simply  by  avaraging  with  two  diffarant  swaap  <apoch) 
durations. 

Tha  tona  pips  prasentad  to  ona  aar  had  two  diffarant 
carriar  fraquancias.  Thasa  wara  1000  Hz  and  1050  Hz.  Thasa  two 
fraquancias  wara  prasantad  in  a  psaudorandom  aaquanca,  i.e.,  tha 
ordar  of  tha  tona  burst  fraquancias  was  randomized,  but  aftar  a 
numbar  of  tham  had  baan  prasantad,  tha  random  saquanca  was 
rapaatad.  A  similar  procadura  was  usad  with  tha  tona  pips 
prasantad  to  tha  othar  aar.  Tha  main  diffaranca  was  that  tha 
carriar  fraquancias  wara  at  3000  Hz  and  at  3050  Hz,  Thasa  too 
wara  prasantad  in  a  psaudorandom  saquanca,  albait  indapandant  of 
tha  saquanca  prasantad  to  tha  othar  ear. 

Sinca  the  repetition  of  the  sequence  of  tone  bursts  was  not 
signalled  to  tha  subject  in  any  way  (the  repetition  was 
“seamless"),  at  first  there  appeared  to  be  no  particular 
racognizaable  pattern.  Tha  subject's  task  was  to  detect  the 
length  of  ona  of  tha  two  saquances  before  it  was  repeated  again. 
Tha  saquanca  prasantad  to  the  othar  ear  was  to  be  ignored. 
Naturally,  on  half  tha  trials  tha  subject  attended  to  tha  tones 

Page  IS 


of  higher  pitch,  and,  on  tha  other  half  of  the  trials,  to  the 
tones  of  lower  pitch. 

This  turned  out  to  be  a  particularly  demanding  task  since 
the  subject  had  to  virtually  "shadow"  the  attended  sequence. 
Retrospective  reports  indicate  that  all  of  the  subjects 
developed  the  same  basic  strategy  for  performing  the  task.  That 
is,  they  learned  to  listen  to  a  unique  chunk  of  pips  of  the  same 
pitch,  e.g.,  3  or  4.  Then  they  started  counting  pips  until  the 
heard  this  sequence  again.  They  then  monitored  the  sequence  to 
be  sure  that  it  had  the  same  pattern  between  the  distinctive 
chunks  before  making  their  decision.  This  strategy  made  it 
possible  for  subjects  who  were  previously  unable  to  do  the  task 
when  more  than  10  or  15  pips  comprised  a  sequence,  to  perform 
the  task  with  40  -  50  pips  per  sequence.  (As  we  shall  see  later 
on,  we  now  have  a  procedure  which  makes  it  impossible  for 
subjects  to  ignore  any  tone  bursts  between  critical  chunks,  as 
may  be  possible  in  the  present  task.  Moreover,  this  procedure 
makes  it  possible  for  us  to  do  more  than  make  the  binary 
decision  as  to  whether  the  subject  was  right  or  wrong  in  his  or 
her  count ) . 

While  the  subject  was  attending  to  the  signals  presented  to 
one  ear,  our  five-channel  neuromagnetometer  was  placed  at  one  of 
several  different  positions  over  one  side  of  the  head.  (For  more 
details  on  the  neuromagnetometer  see  Section  3.2  on  P300  in  this 
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report).  Since  it  required  e  totel  of  about  900-1000  tone  bursts 
before  subjects  gave  accurate  answers  (within  1  of  the  actual 
count),  the  outputs  of  all  five  channels  was  averaged  for  about 
five  minutes  over  several  repeated  trials  of  about  300  tone 
bursts  each.  Hence  there  were  2000  to  4000  replications  of  each 
tone  bursts  in  each  grand  average.  Measurements  were  made  over 
the  left  and  right  hemispheres,  with  the  attended  stimulus  on 
either  the  ipsilateral  or  contralateral  side.  Responses  to  both 
the  attended  and  unattended  stimulus  were  recorded  from  both 
sides  of  the  head,  from  approximately  SO  positions  on  each  side. 
This  sufficed  for  us  to  compute  isofield  contour  maps  for  each 
significant  component  in  the  response,  and  to  determine  if  the 
responses  in  the  vicinity  of  the  field  extrema  differed  in 
amplitude  or  latency,  depending  upon  the  state  of  attention.  We 
were  also  able  to  determine  if  the  effect  of  attention  in  this 
task  was  lateralized  in  any  way. 

Results;  Typical  waveforms  associated  with  responses  to  the 
3  pip  per  sec  stimuli  and  the  3.5  pip  per  sec  stimuli  are  shown 
in  Figures  4,5,  and  6 .  where  responses  from  each  of  the  five 
channels  to  ignored  and  attended  stimuli  are  recorded  from  the 
same  places,  although  at  different  times.  Two  peaks  can  be 
observed  in  these  tracings,  and  we  shall  tentatively  identify 
them  as  'Nl'  and  'P2'  (see  Section  1.3  for  justification  of  this 
labelling  of  the  peaks).  An  analysis  of  variance  was  performed 
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after  editing  out  all  data  that  did  not  exceed  the  level  of  the 
backgroud  noise.  The.  rationale  behind  this  is  that  where  no 
responses  can  be  recorded,  the  sensors  are  presumably  not  close 
enough  to  the  source  to  pick  up  its  field.  Hence,  by  including 
such  data  we  would  simply  be  comparing  noise  with  noise.  Even 
so,  this  left  many  data  points  for  the  analysis.  These  points 
were  the  peak  amplitudes  of  the  two  salient  components  of  the 
responses  under  conditions  of  attending  and  ignoring.  The  latter 
conditions  are  referred  to  hereafter  as  reflecting  instructions. 
In  addition  to  instructions,  other  sources  of  variance  were 
subjects .  hemisphere ,  stimulus  (3  pips/sec  vs  3.5  pips/sec), 
channel  (the  5  detector  channels  were  always  in  somewhat 
different  positions),  and  location  (data  recorded  near  one 
extremum  were  compared  with  those  recorded  near  the  opposed 
extremum).  Subjects  were  the  random  variable. 

Unsurprisingly,  the  subjects  differed  significantly  from 
each  other.  Also,  the  effect  of  instructions  was  significant, 
with  p=.027a.  Also  unsurprisingly,  the  channels  differed  from 
each  other  with  p=.0138.  None  of  the  other  main  effects  were 
significant,  and  this  included  that  of  hemisphere.  Of  course,  a 
larger  subject  population  may  have  revealed  some  interaction 
between  hemisphere  and  the  effect  of  instruction  to  attend.  None 
of  the  lower-order  interactions  reached  significance.  While  some 
of  the  higher-order  interactions  were  significant,  these  are 
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probably  uninterpretable.  A  full  account  of  this  analysis  will 
soon  bs  publishsd. 

As  shown  in  Figures  7  and  8,  ws  plottad  isofiald  contours 
for  both  paaks  in  thass  rasponsas.  Tha  figures  a ra  samples,  but 
tha  sana  applias  to  all  of  tha  data,  namely,  wa  wara  unabla  to 
rasolva  tha  diffarancas  in  locations  of  'Nl'  and  'P2'. 
Praviously  (Pallizona,  at  al. ,  1985)  raportad  a  vary  caraful  sat 
of  measurements  on  tha  classic  Nl  and  P2  on  ona  subjact  and 
found  that  thair  sourcas  wara  naarly  1  cm  apart  naar  tha  lataral 
sulcus.  Apparantly,  positioning  arrors  in  this  axparimant  made 
this  distinction  impossible.  Similarly,  wara  wara  unabla  to 
rasolva  separated  sourcas  for  'Nl'  (or  'P2')  whan  subjects 
attended  to  tha  stimulus  and  ignored  it.  Therefore,  wa  cannot 
reject  tha  hypothesis  that  tha  source  of  our  components  during 
attention  is  tha  same  as  tha  source  whan  tha  stimulus  is  being 
ignored.  Thera  is  no  sign  of  any  other  tangential  source  when 
tha  attention  effect  is  present. 

The  main  point  to  be  drawn  from  this  is  that  both  'Nl'  and 
'P2'  are  affected  by  attention,  and  subjects  differ  in  the 
magnitudes  of  their  responses.  However,  as  the  reader  is 
undoubtedly  aware,  tha  responses  obtained  in  this  experiment  may 
be  aptly  described  as  being  quasi  steady  state.  The  classic  Nl 
and  P2  are  found  in  transient  evoked  responses,  and  the  peaks  in 
tha  rasponsas  recorded  here  may  therefore  be  only  coincidentally 
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related  to  the  classic  components.  Th*  next  experiment  was 
designed  to  determine  if  'Nl'  and  'P2'  of  ths  quasi  stsady  stats 
rssponsss  havs  ths  same  sourcs  as  ths  Nl  and  P2  obtainsd  in 
transisnt  evoked  rssponss  sxpsrimsnts. 

1.3  Transisnt  Rssponss  Control: 

Msthod:  In  this  sxpsriasnt  two  of  ths  subjscts  ussd  in  ths 
first  sxpsrimsnt  wsrs  saploysd  ones  again.  Thsy  wars  asked  to 
lis  coafortably  on  a  tabls  whils  nsuromagnatic  rssponsss  wsrs 
racordad  from  many  diffsrant  positions  on  ons  sids  of  ths  hsad. 
Ths  rssponsss  wsrs  svoksd  by  1300  Hz  tons  bursts,  similar  to 
thoss  of  ths  prsesding  sxpsrimsnt.  Ths  ISI  was  1  sac  +/-  300 
mssc  and  sach  rssponss  was  ths  avsrags  of  200  rssponsss.  This 
rsvsalsd  ths  classic  svoksd  fisld  pattarn,  which  had  alrsady 
bssn  dsscribsd  by  many  invsstigators.  As  shown  in  Figurs 9  ths 
rssponse  contains  sasily  idsntifisd  Nl  and  P2  componsnts.  Ths 
many  measursmsnts  mads  about  ths  sids  of  ths  hsad  mads  it 
possible  for  us  to  fit  isofisld  contours  corresponding  ths  time 
of  ths  peaks  of  these  two  components.  A  samDle  plot  of  Nl  is 
shown  in  Figure  10.  Using  the  data  of  the  preceding 

experiment  ws  plotted  ths  isofisld  contour  maps  for  'Nl'  and 
' P2 '  of  rssponsss  obtainsd  on  ths  same  side  of  ths  hsad  while 
ths  subject  was  attending  to  the  stimulus.  These  were  alrsady 
shown  as  Figurs  7  and  S.  The  sources  of  'Nl'  and  Nl,  as  well  as 
'P2'  and  P2  cannot  be  resolved  from  sach  other  in  these  sets  of 
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plots.  Ths  positioning  srrors  involved  in  this  particular 
experiment  asks  it  impossible  to  tail  if  ons  sourcs  is  involved 
or  if  thsrs  ars  two  sourcts  ssparatsd  by  a  distance  not  grsatsr 
than  1  ca.  Therefore,  wa  cannot  rsjsct  ths  hypothssis  that  ths 
sourcs  of  N1  is  also  ths  sourcs  of  'Ml'. 

Taksn  togsthsr  with  ths  prscsding  experiment,  it  must  bs 
concludsd  that  Nl  is  gsnsratsd  by  a  sourcs  in  or  nsar  ths 
auditory  cortex  and  its  activity  is  modulatsd  by  attsntion. 
Thsrs  is  no  sign  of  ths  activation  of  sons  othsr  tangsntial 
sourcs  during  attsntion.  Widssprsad  scanning  of  ths  hsad  failsd 
to  rsvsal  any  such  sffsct.  Of  course,  wa  cannot  ruls  out  ths 
sxistsncs  of  soma  indspsndsnt  radial  sourcs  which  doss  not 
producs  a  dstsctabls  sxtsrnal  fisld. 

1.4  Loudnsss  Control  Expsrimant: 

Ons  question  of  concern  has  to  do  with  ths  affect  of  the 
physical  properties  of  the  stimulus  on  attention  related  evoked 
fields.  This  small  experiment  represents  a  preliminary  effort  to 
explore  this  facet  of  the  problem,  which  is  important  because  it 
is  widely  believed  that  Nl  is  some  combination  of  endogenous  and 
exogenous  phenomena. 

Mf.tha.di  Once  again,  two  subjects  were  employed.  The 
experiment  was  essentially  the  same  as  that  described  under 
Section  1.2,  except  for  one  minor  change.  In  this  case  the 
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stimuli  presented  to  the  two  ear s  wars  matchad  in  subjactiva 
loudnass  by  tha  subjacts.  Tha  experiment  was  rapaatad  using  both 
carafully  matchad  stimuli,  and  than  rapaatad  again  with  ona  or 
tha  othar  of  tha  two  stimuli  attanuatad  in  intansity  by  20  dB. 
Thus,  thara  wara  3  basic  conditions.  In  ona  tha  loudnass  was 
matchad  in  both  aars.  In  anothar  tha  loudnass  of  ona  stimulus 
was  attanuatad  for  ona  aar  and  not  tha  othar.  In  tha  third  tha 
loud  stimulus  was  attanuatad  by  20  dB,  and  tha  praviously 
attanuatad  stimulus  was  mada  as  loud  as  it  was  originally. 

Results;  As  bafora,  tha  two  subjacts  diffarad  significantly 
from  aach  othar  in  tha  magnitudas  of  thair  rasponsas.  Also, 
thara  was  a  significant  affact  of  instruction  (p*0.004).  Tha 
diffaranca  in  loudnass  of  tha  physical  stimuli  mada  no 
diffaranca  whatsoever.  Consequently,  despite  a  vary  discernible 
change  in  the  physical  properties  of  tha  stimulus,  thara  was  no 
systematic  change  in  the  effect  of  selective  attention. 

1.5  Message  vs.  Ear 

Effects  similar  to  those  obtained  in  dichotic  listening 
experiments  can  also  be  obtained  when  both  messages  are 
presented  to  ona  aar.  To  compensate  for  the  fact  that  the 
subject  can  no  longer  "tag"  a  particular  message  by  the  ear  to 
which  it  is  presented,  it  is  of  some  value  to  make  the  messages 
vary  distinctive,  e.g.,  have  a  female  voice  recite  one  of  the 
messages  while  a  male  voice  recites  the  other  message. 
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In  an  extensive  series  of  preliminary  experiments  wa  had 
already  prasantad  both  of  our  "messages"  to  both  ears,  although 
ona  of  tha  aassagas  was  loudar  in  ona  aar,  whila  tha  othar  was 
loudar  in  tha  othar  aar.  This  was  dona  by  using  two 
loudspaakars,  with  ona  closar  to  ona  aar  and  tha  othar  closar  to 
tha  othar.  This  gava  us  assantially  tha  sama  rasults  as  thosa 
dascribad  in  Saction  1.2.  Wa  dacidad  to  rapaat  this  procadura, 
but  with  tha  two  loudspaakars  mountad  sida-by-sida  and  tha  tonas 
oatchad  for  subjective  loudnass.  Tha  purposa  was  to  saa  if 
idantif ication  of  a  massaga  with  a  channal  (aar)  facilitatas  tha 
attantion  affact. 

Mathod;  As  bafora,  two  subjacts  wara  amployad.  Also,  tha 
prcaduras  wars  tha  sama  as  abova,  tha  only  differanca  baing  that 
tha  saquancas  of  tonas  ware  prasantad  by  piazoalactr ic  speakers 
mountad  sida-by-sida  near  tha  subject's  head.  A  block  of  trials 
was  also  conducted  in  which  tha  stimuli  wara  presented  in  tha 
normal  dichotic  manner. 

Rasults :  Thera  was  no  difference  between  the  affect  of 
dichotic  listening  and  monaural  listening  to  the  two  trains  of 
stimuli.  As  wa  prepare  this  report,  it  is  evident  that  there  is 
an  error  in  tha  analysis  of  variance.  Computers  simply  cannot  be 
trusted.  Tha  data  show  clearly  that  tha  affect  of  attantion  is 
equally  good  for  both  monaural  and  dichotic  listening,  but  the 
table  of  the  analysis  shows  no  significant  differences.  We 
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haven't  tha  time  to  clarify  this  issue  now,  but  will  do  so  in  a 
supplementary  reports 

1.6  Plans  for  a  New  Collaborative  Experiment: 

Terry  Picton  and  Risto  Naatanen  were  visiting  scholars  at 
the  Neurosciences  Institute  at  Rockefeller  University  during  the 
last  month  of  this  reporting  period.  Me  had  contacts  with  Picton 
in  Bogota,  Colombia  last  year,  and  spent  a  good  deal  of  time 
with  Naatanen  in  Helsinki  in  August  and  September  of  1983.  (In 
fact,  one  of  us  was  a  member  of  the  dissertation  committee  of 
one  of  Naatanan's  students  and  also  attended  a  small  conference 
at  Rockefeller  with  Picton,  Naatanen,  Hillyard,  Vaughan,  Wood, 
and  McCarthy).  This  led  us  to  meet  on  several  occassions  while 
they  were  both  in  New  York.  It  became  apparent  that  we  had  many 
common  interests,  ranging  from  the  original  work  of  Hillyard  and 
Picton  to  the  mismatch  negativity  discovery  of  Naatanen.  In  our 
meetings  we  decided  that  it  would  be  possible  to  conduct  an 
experiment  using  conventional  methods  (by  "conventionl  methods" 
we  mean  the  experimental  procedures  used  in  the  not  too  distant 
past  by  Hillyard  and  by  Naatanen  to  study  the  negativitiv 
difference  and  the  mismatch  negativity  phenomena,  as  opposed  to 
the  methods  we  used  in  the  experiments  described  above).  While 
none  of  us  expect  that  the  N1  and  'Nl'  identity  postulated  above 
is  necessarily  incorrect,  we  all  agreed  that  a  common 
methodology  would  put  the  issue  to  rest.  Coupled  with  a  more 


precise  positioning  procedure,  which  we  have  already  developed. 


commonality  or  differences  in  sourca  location  should  ba 
discarnibla.  Tha  axpariaant  wa  sattlad  upon  can  ba  implelemantad 
aasily ,  sinca  Picton  alraady  has  a  Fortran  program  that  can  ba 
usad  to  genarata  stimuli.  Wa  naad  to  complamant  tha  program  with 
an  analysis  procadura  capabla  of  accapting  input  from  5  channals 
at  onca.  This  raquires  minor  changas.  Howevar ,  our  computar 
lacks  tha  mamory  capacity  to  handla  both  tha  program  and  tha 
data  acquisition  and  analysis.  To  accomplish  this  wa  naadad  a 
Winchastar  hard  disc,  and,  as  a  rasult,  wa  racaivad  parmission 
from  AFOSR  to  raallocata  funds  for  capital  aquipment  to  this 
purposa.  W«  racaivad  parmission  to  so  usa  tha  funds  only 
racantly.  Soma  of  the  needed  equipment  is  on-hand  and  the  rest 
will  ba  delivered  shortly.  Meanwhile,  Dr.  Aries  Arditi  of  the 
New  York  Association  for  the  Blind  and  an  associate  at  NYU  has 
agreed  to  adapt  Picton' s  program  to  our  computer  system.  This 
will  be  at  no  cost  to  the  Air  Force.  As  soon  as  this  is 
completed,  we  will  be  in  touch  with  Drs.  Picton  and  Naatanen  and 
will  conduct  the  proposed  experiment.  The  results  will  be 
described  in  our  next  report.  It  is  our  conjecture  that  both  the 
mismatch  negativity  and  tha  negativity  difference  wave  have 
somewhat  different  sources  in  tha  auditory  cortex. 


2.0  Selective  Visual  Attention 


During  the  past  year  we  mads  progrsss  in  dsveloping 
procsdurss  for  studying  sslsctivs  visual  attantion.  Prsliminary 
rssults  strongly  suggest  that  the  visual  system  is  affected  by 
selective  attention  in  a  manner  that  is  comparable  to  what  has 
already  been  found  in  the  auditory  system.  At  the  present  time 
we  feel  that  each  of  the  primary  sensory  receiving  areas  is 
capable  of  filtering  incoming  information  for  purposes  of 
selective  attention.  These  functions  may  not  occur  precisely 
where  the  afferent  volley  first  arrives  at  the  receiving  area, 
but  it  may  occur  only  a  few  synapses  later.  Thus,  the  N1  found 
in  auditory  experiments  has  its  source  near  the  tonotopically 
organized  portion  of  the  auditory  cortex,  and  it  is  extremely 
labile  in  terms  of  the  effects  of  attention.  Preliminary 
evidence  suggests  that  a  similar  state  of  affairs  exists  in  the 
visual  system. 

Apart  from  the  foregoing  conjectural  statement,  our  work  in 
selective  visual  attention  has  led  to  new  experimental  methods 
that  can  be  applied  to  the  auditory  system  as  well.  The  major 
conceptual  contribution  to  this  effort  came  from  Risto  Ilmoniemi 
of  Helsinki,  who  is  doing  postdoctoral  studies  in  our 
laboratory.  The  research  is  being  conducted  by  Bruce  Luber ,  who 
is  also  responsible  for  programming  the  computer.  Mr.  Luber  is  a 
graduate  student  working  in  our  laboratory. 
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Ilmoniemi's  suggestion  was  simply  that  we  present  a  random 
series  of  stimuli  and,  after  some  interval  of  time,  the  series 
is  terminated  and  the  subject  asked  to  tell  the  experimenter 
what  the  last  four  items  in  the  series  were.  Elaborating  on  this 
idea,  we  present  a  grating  of  a  particular  spatial  frequency 
(e.g.,  1.3  c/d)  for  a  brief  period  of  time  and  then,  after  a 
blank  interval,  present  another  grating  which  may  be  the  same  as 
the  first  or  it  may  be  3.0  c/d.  These  two  are  presented  at 
random  for  a  randomly  selected  period  of  from  4  to  40  sec.  with 
a  repetition  rate  of  3  Hz.  At  the  same  time,  another  grating  is 
presented  in  a  similar  manner  but  it  is  either  4  c/d  or  8  c/d 
and  its  repetition  rate  is  2.5  Hz.  The  two  gratings  are 
presented  one  above  the  other,  with  fixation  between  them  and 
about  0.5  deg  to  one  side.  This  results  in  visual  signals  from 
the  gratings  going  adjacent  regions  in  one  hemisphere.  The 
subject  attends  to  one  of  the  two  patterns  and  attempts  to  keep 
track  of  the  series  in  the  pattern  so  that  he  or  she  can  report 
correctly  on  the  sequence  of  the  last  four  or  five  gratings 
(e.g.,  "two  thick  bar  patterns  followed  by  one  thin  bar,  and 
then  another  thick  bar  pattern.")  The  program  is  so  designed 
that  the  correct  answer  is  stored,  and  the  response  is  also 
stored.  Therefore,  we  can  compare  correct  and  incorrect 
responses.  Thus  far  we  have  found  a  substantial  enhancement  in 
the  evoked  field  from  the  hemisphere  receiving  the  signals. 
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However,  we  have  not  yet  gone  beyond  the  occipital  region,  and 
we  do  need  to  conduct  many  more  measurements.  The  main  advantage 
of  this  procedure  is  that  it  seems  to  insure  continuous 
attention  to  one  of  the  gratings  and  it  limits  the  strategies 
that  subjects  can  employ.  Also,  we  can  study  effects  within  and 
across  hemispheres.  Finally,  we  can  consider  accuracy  as 
reflecting  different  degrees  of  performance,  and  compare 
responses  with  these  degrees  of  performance. 

3.  P300  Studies 

3.1  Background: 

This  section  describes  an  ongoing  effort  in  considerable 
detail.  It  should  be  considered  to  be  a  preliminary  report  which 
covers  a  joint  effort  by  the  University  of  Illinois  and  NYU  that 
was  sponsored  by  AFOSR.  It  represents  the  first  full-scale  use 
of  our  five-channel  system  (see  below),  and  the  first  extensive 
coordinated  recording  of  multiple  EEG  channels  at  the  same  time. 
This  turned  out  to  be  a  much  more  complicated  process  than  we 
had  anticipated,  and  the  total  configuration  of  systems  had  many 
flaws.  These  had  to  be  worked  throuahly  bef ore  an  experiment  could 
be  conducted,  and  this  resulted  in  a  serious  shortfall  in  time 
available  for  experimentation.  Hence,  the  results  are  not  as 
impressive  as  we  had  hoped  they  would  be.  In  view  of  the 
inconclusive  nature  of  the  collaboration,  we  are  obligated  to 
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continue  the  project  along  lines  that  will  lead  to  tha  results 
we  sought  at  tha  outsat.  However,  this  continuad  affort,  which 
will  ba  dascribad  below,  will  ba  conductad  axclusivaly  by  our 
own  group.  Dr.  Donchin  of  tha  Univarsity  of  Illinois  will  ba 
consultad  bafora  a  final  raport  is  submitted. 

Oicada,  Kaufman  and  Williamson  (1982)  dascribad  a  magnatic 
countarpart  to  the  elactrical  P300,  which  was  maasurad  while  tha 
subject  was  counting  infraquantly  prasantad  visual  stimuli. 
Thasa  stimuli  ware  gratings  having  a  spatial  frequency  other 
than  that  of  a  frequently  presented  grating,  as  in  a  typical 
"odd  ball"  experiment.  The  neuromagnatic  field  associated  with 
tha  P300  complex  emerged  from  one  side  of  tha  head  and  reentered 
tha  head  in  the  occipital  region.  At  the  same  time,  tha 
contralateral  field  emerged  from  the  occipital  region  and 
reentered  in  the  temporal  region  on  the  other  side  of  the  head. 
The  depths  and  lateral  positions  of  equivalent  current  dipole 
sources  of  these  fields  were  computed  using  a  method  described 
by  Williamson  and  Kaufman  (1981).  It  was  concluded  that  the 
observed  field  patterns  could  be  accounted  for  by  two  equivalent 
current  dipoles,  with  one  in  each  hemisphere  and  located  in  or 
near  tha  hippocampal  formation. 

This  rasult  is  consistent  with  recent  data  obtained  by 
McCarthy  and  Wood  (1985)  in  epileptics  who  had  electrodes 
inserted  in  their  brains  for  diagnostic  purposes.  However,  these 


author*  point  out  that  thair  data  ara  con*i*tant  not  only  with 
tha  prasanca  of  a  sourca  in  or  naar  tha  hippocampus,  but  also 
with  a  sourca  in  tha  frontal  regions.  This  conclusion  is 
tentative  bacause  of  tha  limitad  amount  of  information 
obtainabla  from  two  alactroda  tracks,  and  whera  tha  pracisa 
dapths  of  tha  active  elactrodas  ara  not  known. 

At  this  point  it  should  ba  emphasized  that  tha  concept  of 
the  equivalent  current  dipole  is  a  convenient  heuristic  which 
allows  us  to  account  for  observed  patterns  of  neuromagnet ic 
fields.  The  equivalent  current  dipole  is  considered  to  be  the 
“source"  of  the  measured  field  if  the  field  could  ba  produced  by 
a  current  dipole  in  a  particular  position  within  the  head.  It  is 
recognized  by  all  workers  in  the  area  that  a  field  which  could 
be  produced  by  a  single  equivalent  current  dipole  may  actually 
be  produced  by  a  number  of  active  sources  within  the  head.  This 
follows  from  the  fact  that  there  is  no  unique  solution  to  the 
inverse  problem.  Even  so,  if  a  very  large  amount  of  the  variance 
in  the  P300  phenomenon  can  be  accounted  for  by  postulating  an 
equivalent  current  dipole  source,  then  it  will  be  possible  to 
test  the  hypothesis  that  the  phenomenon  is  due  to  a  unitary 
underlying  process,  which  remains  invariant  under  conditions 
that  may  affect  the  amplitude,  latency  or  waveform  of  the 
observed  P300. 
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To  help  the  reader  understand  ths  issues  involved,  it  may 
be  worthwhile  to  examine  the  analogy  of  the  "point  source"  in 
optics.  There  is  no  such  thing  as  a  point  (dimensionless)  source 
of  light  in  nature.  However,  some  distance  from  a  physically 
extended  source,  the  distribution  of  light  that  it  produces  may 
be  indistinguishable  from  the  calculated  distribution  that  would 
be  produced  by  a  hypothetical  point  source.  In  practice,  if  the 
length  of  a  linear  extended  source  is  less  than  one  tenth  of  the 
distance  at  which  the  light  it  emits  is  measured,  it  is  safe  to 
assume  that  the  measured  distribution  of  light  is  emitted  by  a 
point  source.  Similarly,  nobody  disagrees  that  a  population  of  a 
few  thousand  closely  spaced  and  concurrently  active  neurons 
whose  electric  or  magnetic  field  is  measured  at  a  distance  that 
is  large  relative  to  the  space  occupied  by  the  population,  is 
essentially  indistinguishable  from  a  point  current  dipole.  The 
question  we  are  addressing  concerns  whether  or  not  the  magnetic 
P300  can  be  viewed  as  resulting  from  the  activity  of  such  a 
unitary  population  of  neurons  or  of  a  set  of  closely  spaced 
populations,  or  if  it  is  necessary  to  postulate  the  existence  of 
more  than  one  such  population  located  at  relatively  widely 
spaced  locations  in  the  brain. 

It  may  well  be  that  P300  is  the  sum  of  effects  produced  by 
several  widely  spaced  current  dipole  sources,  depending  upon  the 
nature  of  the  task  being  performed.  For  example,  Halgren,  et 
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*1.(1980)  found  steep  potential  gradients  in  the  vicinity  of  the 
hippocampal  formation  and  in  amygdala  in  patients  performing  an 
odd  ball  task.  These  measurements  were  possible  because  these 
patients  also  had  electrodes  implanted  in  their  brains  for 
medical  reasons.  However,  these  results  implicate  the  limbic 
system  and  not  a  single  nucleus  or  region  of  the  brain.  Also, 
the  time  course  of  the  variation  in  voltage  did  not  correspond 
precisely  with  that  of  the  scalp-detected  P300.  The  more  recent 
work  of  McCarthy  and  Wood  (1985)  suggests  that  there  may  be  at 
least  two  sources,  one  in  the  vicinity  of  the  hippocampus  and 
the  other  someplace  in  the  frontal  lobes.  However,  owing  to 
constraints  imposed  by  the  need  to  consider  the  welfare  of  the 
patient,  these  investigators  were  unable  to  do  more  than  examine 
the  potential  gradients  along  only  two  paths  within  the  brain, 
and  these  paths  varied  across  patients  and  there  was  some 
uncertainty  about  the  precise  locations  of  the  electrodes  within 
the  brain.  Also,  here  too  there  were  differences  in  the  time 
courses  of  the  P300  detected  at  or  near  the  surface  and  similar 
phenomena  detected  at  greater  depth.  Thus,  we  cannot  rule  out 
the  possibility  that  the  scalp-detected  F3QQ  is  not  a  sign  of 
activity  of  a  single  mechanism,  and  multiple  sources  that  might 
contribute  to  it  may  vary,  depending  upon  the  conditions  of  the 
experiment . 
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It  is  noteworthy  that  several  different  experimental 
conditions  have  strong  effects  on  both  the  latency  and  amplitude 
of  P300.  This  raises  the  possibility  that  'P300'  in  one  set  of 
circumstances  may  have  one  set  of  sources,  while  'P300'  obtained 
in  other  experiments  may  have  partly  different  sources.  A  good 
example  of  this  is  the  experiment  by  McCarthy  and  Donchin 
(1980).  Their  subjects  had  to  respond  to  key  words  in  a  matrix 
of  letters  of  the  alphabet.  Sometimes  the  matrix  contained  the 
word  RIGHT  and  at  other  times  it  contained  the  word  LEFT.  One  of 
these  two  words  was  displayed  less  frequently  than  the  other, 
and  it  thus  served  the  same  role  as  the  "odd  ball"  stimulus  in 
experiments  employing  simpler  stimuli.  Three  different 
experimental  conditions  were  employed.  In  one  of  these,  all  of 
the  letters  of  the  matrix  were  Xs,  except  for  the  RIGHT  and  the 
LEFT  stimuli.  This  made  it  easy  to  see  the  target  words.  The 
subject  had  to  respond  to  the  word  RIGHT  with  his  right  hand  in 
one  series  of  trials,  and  with  his  left  hand  ("response 
incompatibility")  in  another  series  of  trials.  This  had  the 
effect  of  increasing  reaction  time,  but  it  had  no  effect  on 
P300,  which  was  affected  only  when  the  perceptual  processing 
aspect  of  the  task  was  varied.  This  was  accomplished  by 
embedding  the  target  words  in  a  matrix  of  various  letters  which 
increased  the  difficulty  of  perceiving  the  target  words  RIGHT 
and  LEFT.  The  resulting  increase  in  the  difficulty  of  detecting 
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the  target  words  was  also  accompanied  by  an  incraasa  in  reaction 
time,  but  it  was  also  accompanied  by  a  dramatic  increase  in 
latency  of  P300,  as  well  as  a  reduction  in  its  peak  amplitude. 
This  change  in  P300  was  not  encountered  in  the  "response 
incompatiblity "  condition,  although  both  response 
incompatibility  and  difficulty  of  detection  result  in  an 
increase  in  reaction  time.  This  result  leads  to  the  main 
question  addressed  by  our  experiment,  namely,  are  the  neural 
generators  of  P300  in  the  non-noise  condition  (when  the  target 
words  were  embedded  in  a  matrix  of  Xs)  the  same  as  that  in  the 
noise  condition  (where  the  target  words  were  embedded  in  random 
letters,  thus  making  them  more  difficult  to  detect)?  To  answer 
this  question  we  planned  to  use  the  magnetic  method  conjointly 
with  conventional  electrical  measurements.  These  two  sets  of 
measurements  allow  us  to  determine  how  well  the  electrical  P300 
is  correlated  with  the  magnetic,  and  also  to  determine  if  the 
location  of  the  equivalent  current  dipole  source  of  the  P300  of 
the  EMF  is  the  same  under  these  two  conditions. 

Before  we  could  proceed  with  this  approach  it  was  first 
necessary  to  demonstrate  a  magnetic  P300  effect  using  stimuli 
similar  to  those  employed  by  McCarthy  and  Donchin.  To  test  our 
conjecture  that  the  source  of  the  P300  may  change  with 
experimental  conditions,  it  is  necessary  that  the  basic  effect 
be  strong  enough  so  that  noise  does  not  mask  significant 
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differences  in  source  location.  Thus,  our  first  task  is  to 
demonstrate  that  current  dipole  sources  of  the  magnetic  P300  can 
be  localised  reliably  when  it  is  affected  by  the  experimental 
manipulations  introduced  by  McCarthy  and  Oonchin  (1980).  This  is 
the  basis  for  the  pilot  experiment  described  below. 

3.1  Visual  Odd-Ball  Experiment: 

Method :  The  goal  of  this  preliminary  experiment  was  to 
determine  if  the  stimuli  used  by  McCarthy  and  Donchin  can  be 
used  to  obtain  Event  Related  Fields  (ERFs)  comparable  to  Event 
Related  Potentials  (ERPs),  including  the  deflections  in  the  ERP 
waveform  conventionally  referred  to  as  "P300."  To  conduct  this 
experiment  we  transported  the  PEARL  system  and  its  associated 
visual  display  from  the  University  of  Illinois  to  New  York 
University.  The  PEARL  system  includes  an  LSI  11/23  computer,  EEG 
amplifiers  and  software  suitable  to  averaging  responses  to 
stimuli,  as  well  as  automatic  sensing  and  editing  (eliminating) 
responses  contaminated  by  eye  movement  artifacts.  The  latter 
were  monitored  by  means  of  electrodes  attached  to  the  skin  near 
the  outer  canthi  of  the  two  eyes.  The  software  also  provided  the 
capability  for  displaying  matrices  of  letters,  in  this  case  the 
letters  in  the  background  were  all  Xs,  and  the  target  words  were 
RIGHT  and  LEFT.  As  in  the  original  experiment  by  McCarthy  and 
Oonchin,  the  word  LEFT  was  presented  only  ZOX  of  the  time  while 
the  matrices  contained  the  word  RIGHT  on  80X  of  the  trials.  The 
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task  of  the  subject  was  to  keep  count  of  the  randomly  occurring 
odd  event  (the  number  of  LEFTs).  ERPs  were  recorded  between  each 
of  three  "active”  electrodes  (at  Cz,  Fz  and  Pz)  and  a  cephalic 
reference  electrode. 

Concurrently  with  the  recording  of  the  ERPs,  the  magnetic 
field  normal  to  the  scalp  was  measured  at  five  different 
positions  at  once.  This  led  to  the  computation  of  five  different 
average  ERFs  at  the  same  time  as  we  recorded  the  average  ERPs 
associated  with  the  odd  events  and,  for  comparison  purposes,  the 
frequent  events.  The  field  measurements  had  to  be  replicated 
many  times  so  that  we  could  generate  field  maps  that  allow  us  to 
compute  the  location  of  the  source  of  the  P300  (see  below). 
These  measurements  were  made  with  a  five-sensor 
neuromagnetometer  ( "Freddy” >  described  by  Pelizzone,  et  al . 
(1983).  The  sensing  coils  of  Freddy  were  superconducting  second 
order  gradiometers  with  a  baseline  of  4.0  cm  and  a  coil  diameter 
of  1.5  cm.  The  gradiometers,  associated  SOUIDs,  and  other 
superconducting  electronics  were  immersed  in  a  bath  of  liquid 
helium  contained  within  a  fiberglass  cryogenic  dewar .  The 
gradiometer  pick-up  coils  were  located  at  the  four  corners  of  a 
square,  with  the  5th  coil  in  the  center  of  the  square.  The 
distance  between  the  centers  of  adjacent  pickup  coils  was  2  cm, 
and  the  gradiometers  were  canted  outward  by  10  deg  relative  to 
the  central  gradiometer.  Since  all  five  sensing  elements  were 


contained  within  a  single  cyroganic  dawar,  tha  pickup  coils  wara 
affactivaly  tangantial  to  tha  surfaca  of  a  sphara  with  a  radius 
of  curvatura  of  10  cm.  (Tha  outar  surfaca  of  tha  tail  saction  of 
tha  dawar  had  a  radius  of  curvatura  of  9  cm,  and  tha  bottom  of 
tha  tail  saction  was  1  cm  thick).  Tha  entira  dawar  could  ba 
movad  in  its  gimballad  holdar  (SCANNER)  so  that  tha  bottom  of 
its  tail  saction  could  ba  moved  along  a  spharical  surfaca  having 
a  9  cm  radius  of  curvatura.  With  tha  haad  cantarad  on  a  9  cm 
radius  spharical  voluma,  it  is  possibla  to  mova  tha  dawar  so 
that  tha  pick-up  coils  measure  tha  field  at  many  different 
positions  on  tha  sphara  that  bast  fits  tha  haad.  This  permits 
the  use  of  a  sphere  modal  in  computing  tha  locations  of 
equivalent  current  dipole  sources  associated  with  tha  measured 
fields  (Williamson  and  Kaufman,  1981).  In  the  present  experiment 
tha  field  was  measured  at  45  positions  over  the  right  temporal 
region,  80  positions  over  tha  occipital  region,  and  90  positions 
over  the  left  temporal  region.  Since  most  of  these  positions 
were  non-overlapping,  the  field  was  measured  at  approximately 
215  distinct  locations  for  subject  SG.  <A  parenthetical  note  is 
in  order  at  this  point.  That  is,  prior  to  this  experiment  we  had 
recognized  the  value  of  making  repeated  measurements  by  at  least  one  of 
tha  fiva  pick-up  coils  at  the  same  position,  thereby  enabling  us 
to  test  tha  assumption  that  the  response  is  stationary  from  one 
trial  to  tha  next.  Unfortunately,  owing  to  an  oversight,  this 
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was  not  dons.  However,  in  visw  of  ths  pilot-nsturs  of  this 
experiment,  ths  failure  to  do  this  is  of  little  immediate 
consequence.  In  mors  formal  experiments,  howsvsr,  this  will  havs 
to  be  dons.)  In  any  svsnt,  ths  coordinats  systsm  ussd  for 
placing  ths  ssnsor  was  rsfsrrsd  to  the  sar  canal  or  to  ths 
inion.  Whan  measuring  ths  fisld  in  the  temporal  region  the 
horizontal  axis  was  ths  line  joining  ths  sar  canal  to  ths  outer 
canthus  of  ths  eye.  When  msasuring  ths  field  over  the  occipital 
region  ths  horiontal  axis  passed  through  ths  inion  and  was 
parallel  to  the  horizontal  axis  for  the  temporal  region,  with 
ths  midline  as  the  vertical  axis.  Ths  sar  canals  were  12.5  cm 
anterior  and  2.5  cm  below  the  inion  in  subject  5G. 

In  addition  to  the  five  gradiometers  and  associated 
dcSQUIDs  used  to  detect  the  fields  of  interest,  the  ambient 
magnetic  noise  was  detected  by  each  of  four  different  "noise” 
channels.  These  were  composed  of  rf SQUID  magnetometers  that 
measured  the  ambient  field  in  the  X,  Y,  and  Z  directions,  and  a 
first  order  gradiometer  that  measured  the  field  gradient  or 
first  spatial  derivative  of  the  field  along  the  Z  axis.  The 
outputs  of  these  noise  channels  were  given  different  weights  and 
then  subtracted  from  each  of  the  signal  channels.  The  weightings 
given  these  outputs  before  subtraction  from  each  channels  were 
chosen  so  that  the  channels  outputs  of  the  channels  would  be  at 
a  minimum  when  they  were  in  the  presence  of  a  uniform  field  and 
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whan  the  field  had  a  uniform  gradient.  Tha  fiald*  for  balancing 
the  channal*  so  that  thay  would  ba  insansitiva  to  tham  wars 
ganaratad  by  larga  square  (10  ft*  par  sida)  Halmholtz  coils.  Tha 
outputs  of  the  signal  and  noise  channels  ware  bandpass  filtered 
between  0.3  and  45  Hz  before  signal  averaging.  For  tha  purpose 
of  this  experiment,  tha  outputs  of  tha  EEG  amplifiers  ware 
similarly  filtered  prior  to  averaging.  Responses  contaminated  by 
aye  movements  ware  eliminated  from  the  EEG  recordings.  Even 
though  the  magnetic  responses  were  not  similarly  contaminated, 
those  that  occurred  during  detected  eye  movements  were 
eliminated  also.  In  addition,  whenever  noise  levels  exceeded  a 
value  that  resulted  in  signal  saturation,  the  epoch  in  which  the 
event  occurred  was  eliminated  too. 

In  these  first  studies  using  the  Freddy  system  we 
encountered  some  difficulties  associated  with  using  the  Rockland 
filters.  These  filters  have  sharp  cutoffs  and  this  distorts  the 
waveform  of  the  response  so  that  the  'P300'  deflection  is 
shifted.  However,  by  recording  a  conventionally  filtered 
electrical  response  (where  P300  is  recogni zeable  in  accord  with 
conventional  criteria)  and  comparing  it  to  the  same  recording 
when  it  is  filtered  by  the  Rocklands  during  averaging,  it  was 
possible  to  identify  the  P300  complex  in  the  filtered  response 
with  total  confidence,  despite  the  distortions  introduced  by  the 
filters . 
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More  concretely,  the  potentials  were  filtered  in  two 
different  wey*  before  averaging.  In  one  the  electrical  activity 
was  filtered  in  the  customary  manner  with  a  low  frequency  cutoff 
of  0.1  Hz  and  a  high  frequency  cutoff  of  50  Hz,  with  rolloffs  of 
12  dB  per  octave.  This  resulted  in  minimum  distortion  of  the 
average  waveform.  In  parallel,  the  same  activity  was  averaged 
after  being  applied  to  the  Rockland  filters  (bandwidth  of  0.3  - 
45  Hz  and  rolloffs  of  48  dB  per  octave).  After  such  filtering, 
two  different  waveforms  resulted,  even  though  they  represented 
the  same  electrical  response.  Although  there  are  substantial 
differences  in  these  waveforms,  one  can  identify  the  P300 
complex  in  both  waveforms.  Therefore,  despite  the  distortion 
introduced  by  the  Rocklands,  we  are  able  to  describe  the  effects 
of  various  experimental  manipulations  on  P300. 

Results i  Given  the  foregoing  description,  the  results  are 
rather  straightforward.  As  shown  in  Figure  11,  it  is  clear  that 
magnetic  P300  responses  to  oddball  stimuli  were  much  enhanced, 
as  compared  with  responses  to  the  frequent  stimuli.  Also,  the 
tracings  depicted  in  Figure  11  were  obtained  when  the  five 
pickup  coils  were  located  over  the  occipital  region  just  to  the 
right  of  the  midline,  and  over  the  right  temporal  region. 
Similar  results  were  obtained  with  the  pickup  coils  over  the 
left  temporal  region  (though  of  opposite  polarity  to  those  from 
over  the  right  temporal  region)  and  over  the  region  slightly  to 


Page  41 


the  left  of  the  midline  at  the  occiput.  In  fact,  the  regions  of 
strongaat  ras ponse  ware  temporal  and  occipital,  while 
intervening  areas  gave  either  weak  responses  or  no  detectable 
responses  at  all.  These  results  are  qualitatively  quite  similar 
to  those  reported  by  Okada  at  al .  (1983)  obtained  using  gratings 
as  stimuli. 

Isofield  contours  were  plotted  to  show  how  the  field 
measured  when  'P3Q0'  was  at  its  peak  varied  as  a  function  of 
position  about  the  scalp  (Figure  12) .  The  important  thing  to 
note  is  that  the  field  extrema  in  the  occipital  region  are  not 
well  defined.  This  is  attributable  to  overlap  of  fields  of 
opposite  directions.  However,  the  location  of  the  extremum  to 
the  right  of  the  midline  can  estimated  by  interpolation.  It  lies 
between  the  two  positive  "apparent"  extrema.  These  are  probably 
produced  by  the  overlapping  negativity  (inwardly  directed  field) 
associated  with  the  source  whose  field  emerges  from  the  left 
temporal  region  and  reenters  in  the  occipital  region.  The 
corresponding  extremum  over  the  right  temporal  region  is  much 
more  clearly  defined. 

Using  the  locations  of  the  estimated  occipital  extremum  and 
the  extremum  over  the  right  temporal  region  as  reference  points, 
we  made  use  of  the  sphere  model  to  estimate  the  location  of  the 
source  giving  rise  to  these  two  extrema.  This  estimation  is 
shown  in  Figure  13.  Despite  the  evident  "noisiness"  in  these 
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data,  it  is  obvious  that  wt  ars  dealing  with  a  vary  dssp 
(subcortical)  sourcs.  Also,  ths  squivalsnt  currant  dipola  sourca 
appaars  to  ba  locatad  within  1  cm  of  tha  position  of  tha  sourca 
in  tha  axparimant  using  grating  stimuli.  This  placas  tha  source 
in  or  near  tha  hippocampal  formation,  as  concluded  previously. 
It  should  ba  stressed  that  this  consistency  in  sourca  location 
is  present  despite  tha  fact  that  alphanumeric  stimuli  ware 
employed  in  this  experiment,  while  grating  stimuli  were  employed 
in  the  earlier  experiment. 

It  is  worth  noting  that  students  of  the  limbic  system  are 
unclear  about  the  precise  boundaries  of  the  so-called 
hippocampal  formation.  It  is  not  a  well  defined  anatomical 
entity.  Even  so,  our  results  are  consislseat  with  the  previous 
results,  at  least  within  our  experimental  error,  and  as  Halgren 
and  his  colleagues  (1980)  have  pointed  out,  strongly  implicate 
the  limbic  system. 

The  preceding  experiment  was  conducted  to  determine  if 
alphanumeric  stimuli  employed  in  the  McCarthy  and  Donchin 
experiment  can  be  used  effectively  to  conduct  magnetic  P3C0 
studies.  An  important  criterion  is  whether  or  not  the  signal-to- 
noise  ratio  is  adequate.  This  seems  to  be  true  for  fields 
measured  in  the  temporal  regions.  However,  occipital  field 
patterns  are  somewhat  confusing  because  of  the  partial  overlap 
of  fields  of  opposite  polarity.  It  is  possible  to  surmount  this 
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diff if f iculty  simply  by  choosing  subjects  who  have  large  head 
diameters,  as  our  axparianca  has  shown  that  tha  overlap  of 
fields  of  opposite  polarity  in  the  occipital  region  is  less  when 
the  head  diameter  is  large.  However,  we  now  know  that  it  is 
possible  to  locate  an  equivalent  current  dipole  source  by 
measuring  the  field  near  only  one  extremum  (see  Section  4.0  on 
Neural  Source  Location  with  Minimal  Data).  We  shall  use  this 
procedure  in  a  new  experiment  designed  to  determine  if 
experimental  manipulations  that  result  in  significant  changes  in 
the  electrical  P300  result  in  a  change  in  the  position  or 
orientation  of  the  underlying  equivalent  current  dipole  source. 
This  new  experiment  will  be  described  in  Section  5.0  below. 

4.0  Neural  Source  Location  with  HLnimel.  Datai 

The  procedure  and  analysis  described  here  was  carried,  out  in 
collaboration  with  Professor  Paulo  Costa  Ribeiro,  of  the 
Pontificia  Universidade  Catolica,  Rio  de  Janeiro,  Brasil,  who 
served  as  a  Guggenheim  Fellow  in  our  laboratory  for  a  period  of 
five  months. 

When  our  five  channel  neuromagnetometer  (Freddy)  was  placed 
into  operation,  there  was  only  one  other  multi-channel  system  in 
operation.  This  was  the  4-sensor  system  used  in  the  shielded 
room  at  the  Helsinki  University  of  Technology.  Since  then, 
another  4-sensor  system  was  installed  by  the  Laboratory  for 
Solid  State  Electronics  of  the  CNR  in  Rome  at  a  site  remote  from 
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urban  magnetic  noise.  There  is  a  fundamental  difference  in  the 
capabilities  of  these  instruments.  Aside  from  Freddy  being 
useable  in  a  noisy  environment ,  it  is  the  only  system  capable  in 
principle  of  determining  the  position  and  strength  of  a  neural 
source  (modelled  as  an  equivalent  current  dipole)  without  having 
to  actually  move  the  dewar.  This  is  because  a  current  dipole  is 
characterized  by  five  parameters  (three  for  position,  one  for 
strength,  and  one  for  the  angular  orientation  of  the  dipole 
moment  in  the  plane  tangential  to  the  scalp),  and  therefore  only 
five  measurements  of  the  field  are  needed  to  locate  a  neural 
source.  Thus,  in  low-noise  situations,  we  do  not  have  to  move 
the  dewar  to  monitor  all  of  the  relevant  parameters  describing  a 
current  dipole  source.  We  calL  such  a  procedure  the  “single 
position  method." 

The  advantages  of  single-position  localization  are  obvious: 
change  in  position,  orientation  or  strength  of  the  source  can  be 
monitored  as  the  stimulus  or  the  task  is  altered.  Also,  we  avoid 
the  innaccuacies  associated  with  moving  a  dewar  from  position  to 
position  since  the  source  may  change  as  a  result  of  time  (due  to 
habituation,  for  example)  during  sequential  measurements. 
Parallel  measurements  with  five  channels  avoids  the  assumption 
of  stationari ty ,  and  fewer  sequential  measurements  minimize 
effects  of  departures  from  stationari ty . 


However,  another  requirement  must  also  be  met  to 
effectively  exploit  this  potential  advantage  of  our  5-sensor 
system!  the  relative  electronic  gains  of  the  five  signal 
channels  must  be  established  wi*~h  high  precision.  Otherwise, 
appreciable  systematic  errors  will  be  introduced  in  locating 
sources.  The  conventional  procedure  of  calibrating  the  ratio  of 
voltage  output  per  femtotesla  of  applied  field  is  to  place  a 
small  field  coil  directly  under  the  detection  coil  of  a  given 
channel,  and  observe  the  output  voltage  for  a  given  current 
through  the  field  coil.  From  a  calculation  of  the  mutual 
inductance  between  the  field  coil  and  detection  coil,  the  net 
magnetic  flux  produced  in  the  latter  can  be  deduced,  and  from 
that  the  equivalent  applied  field  at  the  pickup  coil.  However, 
the  observed  voltage  is  extremely  sensitive  to  exactly  where  the 
field  coil  is  placed,  causing  a  resulting  uncertainty  of  about 
10k  in  the  calibration  of  each  channel.  This  is  too  great  for 
determining  the  position  within  the  head  of  a  neural  source  with 
the  sngle-position  method,  and  consequently  another  procedure 
was  conceived  and  developed. 

We  exploited  the  fact  that  the  detection  coil  of  each 
signal  channel  is  wound  as  a  second-order  gradiometer  and  is 
very  well  balanced  in  the  product  of  area-turns  for  the 
different  coils  so  as  not  to  respond  to  a  uniform  field.  The 
balance  is  about  1  part  in  100,000.  We  realized  that  if  we  use  a 
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large  field  coil,  say  a  square  coil  about  2.5  instars  on  a  aids, 
to  produos  a  fisld  along  ths  axis  of  tha  dstsetion  coil,  tha 
channal  will  not  raspond  to  tha  uniform  fiald  producad  by  tha 
coil  (tha  rasponsa  will  only  ba  10  ppm  of  tha  applied  field). 
It  will  only  raspond  to  tha  spatial  second  derivative  of  tha 
fiald  along  tha  axis.  (Thera  is  no  first  derivative  if  tha  field 
is  cantered  on  tha  detection  coil).  Tha  value  of  this  second 
derivative  can  ba  accurately  calculated  for  a  given  currant 
passing  through  tha  fiald  coil,  and  it  is  found  to  ba  100  times 
greater  than  tha  residual  10  ppm  pickup  of  tha  uniform  field. 
Thus,  by  observing  tha  corresponding  voltage  output  of  tha 
chanal  we  obtain  an  accurate  calibration  of  tha  ratio  of  voltage 
output  par  femtotasla  of  equivalent  fiald. 

This  procedure  was  carried  out  and  vary  reasonable  values 
were  obtained  for  each  signal  channel.  Thus  the  relative  gains 
of  the  channels  are  established  with  a  precision  of  about  ZS, 
which  is  entirely  adequate  for  single-position  localization  of 
neural  sources.  The  method  is  being  applied  experimentally  in 
studies  of  auditory  evoked  responses. 

Computations  are  presently  underway  to  establish  how  the 
accuracy  of  locating  sources  is  affected  by  various  levels  of 
field  noise.  Initial  results  indicate  that  a  noise  level  that  is 
10k  of  the  maximum  signal  is  tolerable  in  terms  of  present 
standards  of  accuracy.  An  abstract  of  a  talk  to  be  presented  at 
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the  forthcoming  mooting  of  tho  Amorican  Physical  Socioty  is 
provided  as  part  of  this  Section ,  and  a  long  manuscript  is  in 
preparation  for  publication. 

S.O  Planned  P300  Experiment: 

Since  developing  the  single-position  method,  we  came  to  the 
conclusion  that  this  would  provide  the  best  means  for  completing 
the  P300  investigation  described  in  Section  3.0.  It  was  apparent 
that  we  had  difficulties  in  determining  the  precise  positions  of 
the  occipital  extrema.  However,  by  positioning  the  dewar  over 
one  temporal  extremum  and  measuring  the  field  at  five  positions 
at  once,  we  could  use  the  single-position  method  to  determine  if 
the  position  of  the  source  of  P300  changes  when  experimental 
consditions  cause  the  amplitude  and  latency  of  P300  to  change. 
Toward  this  end,  we  now  have  a  program  that  will  allow  us  to 
present  both  auditory  and  visual  stimuli,  where  either  can  serve 
as  the  odd-ball  stimulus.  The  P300  to  the  visual  odd-ball 
differs  in  latency  from  the  auditory.  Our  first  test  will  be  to 
see  if  there  is  a  difference  in  the  fields  across  the  five 
positions  when  the  latency  of  the  P300  changes.  As  a  next  step, 
repeated  measures  will  minimize  the  effects  of  noise,  so  that  we 
should  be  able  to  deduce  the  location (s)  of  the  source(s)  of 
P300.  This  work  will  be  underway  in  April  of  1906,  and  if  it 
turns  out  to  be  promising,  we  will  then  implement  the  original 
paradigm  of  McCarthy  and  Donchin. 
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6.0  Project  Haystack: 

We  conclude  this  scientific  report  with  e  brief  account  of 
work  that  was  not  done  in  connection  with  this  project.  However, 
it  provides  us  with  our  first  objective  measure  of  the  precision 
with  which  ws  can  locate  sources  of  magnetic  fields  within  the 
human  body . 

Ws  were  approached  by  a  man  (whom  ws  shall  call  Mr. 
Haystack  to  prsssrvs  his  anonymity)  who  had  bssn  suffering  with 
tinnitus.  All  previous  medical  treatments  had  failed,  so  he 
sought  help  from  an  acupuncturist.  Unfortunately,  during  the 
course  of  treatment  a  1/2  inch  length  of  the  acupuncture  needle 
broke  off  in  Mr.  Haystack's  back.  The  gauge  32  needle  was  very 
thin,  and  appeared  in  only  one  of  30  X-rays  taken  at  various 
times.  Surgery  was  performed  twice  before  we  saw  Mr.  Haystack, 
and  the  surgeons  were  convinced  that  the  needle  was  gone,  even 
though  they  had  not  seen  it.  However,  Mr.  Haystack  complained  of 
sticking  pains,  and  was  afraid  that  the  needle  was  migrating.  He 
approached  us  because  a  physicist  told  him  that  our 
neuromagnetometer  might  have  sufficient  sensitivity  to  detect 
it . 

Although  the  needle  was  nominally  made  of  stainless  steel, 
when  we  placed  the  neuromagnetometer  over  Mr.  Haystack's  back 
and  moved  him  under  it,  it  was  clear  that  magnetic  material  was 
present.  We  mapped  this  magnetic  field  and  found  that  it  could 


b*  modelled  by  a  magnetic  dipole.  Moreover,  using  algorithms 
similar  to  those  we  employed  on  this  AFOSR  project,  we  deduced  a 
position,  depth  and  orientation  of  the  needle.  After 
consultations  with  the  physician  supervising  Mr.  Haystack's 
evaluation,  a  surgeon  at  NYU  was  asked  to  review  th-e  case.  He 
requested  a  CT  scan  where  the  "slice"  would  be  directly  through 
the  site  at  which  we  deduced  the  needle  would  be  found.  Using 
special  high-resolution  film  a  dot  was  found  within  3  mm  of 
where  we  placed  the  needle.  (Actually,  we  placed  the  needle  at  a 
depth  of  2.3  cm  in  the  intercostal  space  between  two  ribs  and 
located  it  laterally  relative  to  protuberances  of  the  spine  and 
the  scapula).  Surgery  was  then  performed,  and  the  needle  was 
found  with  ease.  The  surgeon  determine*!  its  approximate-  depth  to 
be  2. j  cm.  Evaluation  of  the  CT  scan  will  give  us.  a  more  precise 
measure. (It  should  be  noted  that  prior  to  working  on  Mr. 
Haystack  we  conducted  double  blind  trials  with  a  small  needle 
hidden  beneath  fabric  and  imbedded  in  foam  rubber.  We  mapped  the 
field  patterns  here  and  determined  the  position  and  orientation 
of  the  needle.  These  determinations  were  compared  with  the 
actual  position  of  the  needle  which  was  measured  after  the  fact. 
Again,  accuracy  was  better  than  3  mm.) 

A  report  describing  the  foregoing  project  is  being  written 
for  publication.  Its  authors  are  R.  Ilmoniemi,  S.  J.  Williamson, 
L.  Kaufman  and  H.  Weinberg  M.D. 
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Annual  Report:  Perceptual  Factors  in  Workload:  A  Neuromagnetic  Study 
AFOSR  Contract  F49620-85-K-0004 
01/01/85  -  12/31/85 

PERSONNEL 


Lloyd  Kaufman 

Professor  of  Psychology 

Professor  of  Physiology  and  Biophysics 

Yoshio  Okada 

Research  Assistant  Professor 
David  Shakun 

Graduate  Research  Assistant 

Wi 1 1 iam  Salem 
Secretary/Office  Manager 

PRESENTATIONS 


Samuel  J.  Williamson 
Professor  of  Physics 
Professor  of  Physiology  and  Biophysics 

Risto  Ilmoniemi 

Visiting  Research  Scientist 

Carley  Paulsen 

Graduate  Research  Assistant 


Invited  Talks: 


7  January 

14  March 
22  March 

3  April 

15  May 
20  May 

19  November 

12  December 
27  October 


"The  Physics  and  Instrumentation  of  Magnetic  Field  Recording”, 

Seventh  Annual  Carmel  Conference  on  Cognitive  Psychology. 

Carmel ,  California,  January  6-11,  1985. 

"Neuromagnetism:  A  New  Frontier  in  Brain  Research",  IEEE  Society 
on  Magnetics  Regional  Meeting,  Pittsburgh,  Pennsylvania. 

"Neuromagnetism:  A  New  Frontier  in  Brain  Research",  Colloquium, 
Department  of  Physics  and  University  Chapter  of  Sigma  Xi ,  University 
of  Connecticut,  Storrs,  Connecticut. 

"Neuromagnetism:  A  New  Frontier  in  Brain  Research",  Colloquium, 
Department  of  Physics,  Duke  University,  Durham,  North  Carolina. 

"Maqnetic  Fields  of  the  Human  Brain",  Colloquium,  Department  of 
Physics,  University  of  Minnesota,  Minneapolis,  Minnesota. 

"Neuromagnetism:  A  New  Frontier  in  Brain  Research",  Engineering  and 
Science  Colloquium,  NASA  Goddard  Science  Center,  Greenbelt,  Maryland. 

"Determining  Sources  in  the  Brain  from  Neuromaqnetic  Studies:  An 
Ill-posed  Problem",  Seminar  on  Mathematical  Biology,  Courant  Institute 
of  Mathematical  Sciences,  New  York  University. 

Colloquium,  Department  of  Psychology,  Harvard  University. 

Workshop  on  Military  Standards  for  Vision  and  Hearing,  Washington  DC, 
National  Research  Council 


August  1985  XIV  International  Conference  on  Medical  and  Biological  Engineering 
VII  International  Conference  on  Medical  Physics 
(both  conferences  in  Espoo,  Finland) 

11th  International  Congress  of  EEG  and  Clinical  Neurophysiology  in 
London,  Enaland 

Papers  presented  at  each  of  the  above  conferences. 


March  1985  Principal  Organizer  for  Conference  held  by  "Columbian  Association 
of  Neurobiology"  in  Bogata,  Columbia. 
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ADDENDUM  (Continued) 

PROFESSIONAL  ACTIVITIES 
Samuel  J.  Williamson 

Consultant,  Los  Alamos  Scientific  Laboratory,  Life  Sciences  Division 
Member  of  National  Institutes  of  Health  Special  Study  Sections 
Chairman  of  the  North  and  South  American  Program  Committee  for  the 

International  Biomagnetism  Conference  to  be  held  in  Tokyo  in  August,  1987 
Awarded  Doctor  of  Science,  honoris  causa,  by  New  Jersey  Institute  of 
Technology,  May  23,  1985. 

Lloyd  Kaufman 

Member  of  the  NAS-NRL  Committee  on  Vision  1983-85 
Fellow  American  Psychological  Association 
Fellow  AAAS 

Member  Society  of  Experimental  Psychologists 
Member  ARVO 

Member  Board  of  Directors,  New  York  Association  of  the  Blind 

WORK  IN  PROGRESS  OR  SUBMITTED  FOR  PUBLICATION 

"Neuromagnetic  Imaging:  Viewing  the  Mechanics  of  Thought" 

L.  Kaufman  and  S.J.  Williamson  in  "The  NYU  Physician",  Fall  1985,  pp  38-41, 
in  "University",  December  1985. 

"Analysis  of  Neuromagnetic  Signals" 

S.J.  Williamson  and  L.  Kaufman  invited  for  "Handbook  of  Electroencephalography 
and  Clinical  Neurophysiology,"  A.  Givens  and  A.  Remond,  Eds.  (Elsevier,  Amsterdam), 
in  press. 

"Magnetic  Localization  of  a  Foreign  Body" 

R.J.  Ilmoniemi,  S.J.  Williamson,  L.  Kaufman  and  H.  Weinberg  in  preparation,  to  be 
submitted  to  New  England  Journal  of  Medicine. 

"Neural  Source  Localization  with  Minimal  Magnetic  Data" 

C.  Costa  Ribeiro,  S.J.  Williamson  and  L.  Kaufman  in  preparation,  to  be  submitted 
to  Journal  of  Applied  Physics. 


ABSTRACT  FOR  A  TALK  TO  BE  GIVER  AT  THE 
MEETING  OF  THE  AMERICAN  PHYSICAL  SOCIETY 
31  MARCH  -  4  APRIL  1966 
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Hiniaal  Mauroaagnatic  Data.*  P.  Coata  Ribaxro*.  S.J. 
Williaaaon,  and  L.  Kaufaan,  Maw  York  Unlvaraltv--  Wa 
hava  daaonatratad  tha  faaaibility  in  cartain  aituationa 
of  coaplataly  charactarizing  localizad  naural  activity 
in  tha  huaan  brain  by  aaaauraaanta  with  a  fiva-aanaor 
nauroaagnatoaatarl  placad  at  an  appropriata  location 
ovar  tha  acalp.  Whan  a  good  aignal-to-noiaa  ratio  can 
ba  obtainad  it  ia  tharaby  faaaibla  to  follow  aaplituda, 
oriantatlon,  or  poaition  changaa  of  a  naarby  naural 
aourca  without  having  to  taka  aaquantial  aaaauraaanta 
at  a  larga  nuabar  of  locationa.  Howavar,  whan  tha 
aignal-to-noiaa  ratio  falla  appraciably  balow  10  tha 
praciaion  in  aourca  dataraination  ilarraaaaa  aackadly. 
Coaputar  aiaulationa  will  ba  coaparad  witb  actual 
aaaauraaanta  of  aagnatic  fialda  avokad  by  auditory 
atiauli . 


•Supportad  in  part  by  NIH  Grant  N3-19463-01,  OMR  Con¬ 
tract  N00014-85-K-0036,  and  AFOSR  Grant  F49620-85-K- 
0014. 


*Paraanant  addraaa:  Pontificia  (Jnivaraidada  Catolica, 
Rio  da  Janalro,  Braail 

1.  S.J.  Williaaaon,  M.  Palizzona,  Y.  Okada,  L.  Kaufaan, 
D.B.  Crua,  and  J.R.  Maradan,  in  Proc.  Tanth  Inti 
Cryoqanlc  Engl marl no  Confaranca.  H.  Col lan,  P. 
Barglund,  and  N.  Kruaiua,  Eda.  (Buttarworth,  Guildford, 
England,  1984),  pp  339-348. 
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